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…The Standard Model is the first particle model that is 
conceptually and phenomenologically consistent up to 
the ultimate scale of Particle Physics (Planck)!!!

Where is the next 
physics threshold Λ?

Very special time in 
Particle Physics…
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Direct probes:

MeV

{ LEP {Tevatron{ LHC

GeV 100 
GeV

   TeV Planck



Luca Vecchi The Neutrino Portal: steriles, cosmology and other signatures LNF 2018

MeV

Indirect probes:

10 TeV

Electrow
eak precision data

GeV 100 
GeV

   TeV Planck

What do experiments say?

   10^5 TeV

Flavor violation

   10^14/16 GeV

N
eutrino m

asses
Proton decay



Luca Vecchi The Neutrino Portal: steriles, cosmology and other signatures LNF 2018

• Keep pushing (we know something is missing: dark matter, baryogenesis, etc.)
        Precision measurements

• Study the particles we understand the least
        Higgs boson 
        — Only know up to 10%!
        — New physics? Expected from the hierarchy problem
        Neutrinos
        — Majorana or Dirac?
        — Absolute mass scale?
        — CP phase?
        — New physics?
   
 

What to do NOW?
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WHY:
(1) Only guaranteed (in principle) access to new physics…
(2) Three main ways dark sectors can talk to us → neutrino portal is one.
(3) A big Experimental effort → How can they surprise us?!
(4) Dark energy density of order the neutrino mass scale → any fundamental reason?

• Keep pushing (we know something is missing: dark matter, baryogenesis, etc.)
        Precision measurements

• Study the particles we understand the least
        Higgs boson 
        — Only know up to 10%!
        — New physics? Expected from the hierarchy problem
        Neutrinos
        — Majorana or Dirac?
        — Absolute mass scale?
        — CP phase?
        — New physics?
   
 

What to do NOW?
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The Neutrino Portal 
 Q: What new physics can be discovered in neutrino experiments?  
 Light dark sectors and cosmology 

Light & Weakly-Coupled Dark Sectors 
 A: Sterile neutrinos directly and/or as mediators of exotic interactions  
 1) Dark backgrounds  
 2) Dark backgrounds or neutrino masses? 

Conclusions 

Outline



Light Dark Sectors  
Coupled to Neutrinos
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�L = Oµ⌫
T Bµ⌫ +OS |H|2 +OFHL+ · · ·
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Severely constrained:
involves charged particles
(dark Z’, dark matter dipoles, etc.)

Very weakly constrained:
involves a poorly-known particle

Neutrino portal:

The three “portals” to Standard Model-singlet sectors…

OF = N, �⌫s, �
µ⌫
 
a
F

a
µ⌫ ,    , · · ·
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All above choices interpolate sterile neutrinos

�L � OFHL
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�L � yaNHL+ (dynamics for N)
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N decays

c
(5)
↵�(HL↵)(HL�) + c

(6)
↵�(HL↵)

†
�̄
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i@µ(HL�) + · · ·
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Q: Neutrino experiments (mixing)?!

Coupling to electron neutrinos Coupling to muon neutrinos

Heavy mass limit:

Intermediate mass limit:
From Schmaltz-Weiner (2017)

We need light sectors and we have to deal with cosmology
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3+1 model sin2 2✓eµ = 4|Ue4|2|Uµ4|2

Giunti et al. (2017)

sin
22ϑeµ

∆
m

4
12
  

  
[e

V
2
]

10−4 10−3 10−2
10−1

1

10

+

+

PrGlo17

1σ
2σ
3σ

3σ

App
Dis

sin
22ϑeµ

∆
m

4
12
  

  
[e

V
2
]

10−4 10−3 10−2
10−1

1

10

+

+

Glo17

1σ
2σ
3σ

3σ

App
Dis

Maltoni et al. (2018)

Light steriles are not obviously excluded by 
neutrino experiments…



Light Dark Sectors  
And Cosmology
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mixing:
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For θ>10^-7 and light N  
the Dark Sector thermalizes: 
Radiation at BBN & CMB! 

�Ne↵,BBN = 0.66± 0.45
�Ne↵,CMB = 0.10± 0.23

Planck (2015){
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NN + hc
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m⌫ < 0.3 eV

The simplest option: “free” N
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How general?

This may be non-trivial!

1) Suppression of production via large lepton asymmetry or large couplings to the plasma: 
Foot Volkas (1995), Chu Cirelli (2006), Krauss et al. (2010), Hannestad et al. (2012), Mirizzi et al. (2012), Kopp et al. (2016)… 

2) Dilution of the sterile population: 
Gelmini et al. (2004), Fuller et al. (2011), Ho Scherrer (2012), … 

3) Forbid oscillations via chiral symmetry: 
LV (2016)

�L � yaNHL+ (dynamics for N)
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KEY!✓ ⇠ min

✓
yhHi
ysh�i

,
ysh�i
yhHi

◆
mixing:

LV (2016)

Another option: A chiral sterile  
via the Dirac neutrino portal…

light sterile sector

L � yaNHL+ ysN�⌫s + hc
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L � yaNHL+ ysN�⌫s + hc
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SM interactions are inefficient  
If <ϕ>=0 before neutrino decoupling!!! 

Like ordinary 
Dirac neutrinos

SM interactions
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<latexit sha1_base64="XkSn7rRevLWn5ygtn+htfVuVmxw=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRIRFFcFNy4r2Ae0pUwmN+20k0mYuVFL6D+4Vfwad+LWjV+j08fCth4YOJxzL+fO8RPBNbrut5VbW9/Y3Mpv2zu7e/sHhcOjuo5TxaDGYhGrpk81CC6hhhwFNBMFNPIFNPzhzcRvPIDSPJb3OEqgE9Ge5CFnFI1Ub2MfkHYLRbfsTuGsEm9OimSOarfw0w5ilkYgkQmqdctzE+xkVCFnAsZ2O9WQUDakPWgZKmkEupNNrx07JaMEThgr8yQ6U/XvRkYjrUeRbyYjin297E3E/7xWiuFVJ+MySREkmwWFqXAwdiZfdwKugKEYGUKZ4uZWh/WpogxNQQspIYxklIzt0kL0Uxwo+ngxGNu2acxb7meV1M/Lnlv27i6Klet5d3lyQk7JGfHIJamQW1IlNcLIgDyTF/JqvVnv1of1ORvNWfOdY7IA6+sXQaOhbg==</latexit><latexit sha1_base64="XkSn7rRevLWn5ygtn+htfVuVmxw=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRIRFFcFNy4r2Ae0pUwmN+20k0mYuVFL6D+4Vfwad+LWjV+j08fCth4YOJxzL+fO8RPBNbrut5VbW9/Y3Mpv2zu7e/sHhcOjuo5TxaDGYhGrpk81CC6hhhwFNBMFNPIFNPzhzcRvPIDSPJb3OEqgE9Ge5CFnFI1Ub2MfkHYLRbfsTuGsEm9OimSOarfw0w5ilkYgkQmqdctzE+xkVCFnAsZ2O9WQUDakPWgZKmkEupNNrx07JaMEThgr8yQ6U/XvRkYjrUeRbyYjin297E3E/7xWiuFVJ+MySREkmwWFqXAwdiZfdwKugKEYGUKZ4uZWh/WpogxNQQspIYxklIzt0kL0Uxwo+ngxGNu2acxb7meV1M/Lnlv27i6Klet5d3lyQk7JGfHIJamQW1IlNcLIgDyTF/JqvVnv1of1ORvNWfOdY7IA6+sXQaOhbg==</latexit><latexit sha1_base64="XkSn7rRevLWn5ygtn+htfVuVmxw=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRIRFFcFNy4r2Ae0pUwmN+20k0mYuVFL6D+4Vfwad+LWjV+j08fCth4YOJxzL+fO8RPBNbrut5VbW9/Y3Mpv2zu7e/sHhcOjuo5TxaDGYhGrpk81CC6hhhwFNBMFNPIFNPzhzcRvPIDSPJb3OEqgE9Ge5CFnFI1Ub2MfkHYLRbfsTuGsEm9OimSOarfw0w5ilkYgkQmqdctzE+xkVCFnAsZ2O9WQUDakPWgZKmkEupNNrx07JaMEThgr8yQ6U/XvRkYjrUeRbyYjin297E3E/7xWiuFVJ+MySREkmwWFqXAwdiZfdwKugKEYGUKZ4uZWh/WpogxNQQspIYxklIzt0kL0Uxwo+ngxGNu2acxb7meV1M/Lnlv27i6Klet5d3lyQk7JGfHIJamQW1IlNcLIgDyTF/JqvVnv1of1ORvNWfOdY7IA6+sXQaOhbg==</latexit><latexit sha1_base64="XkSn7rRevLWn5ygtn+htfVuVmxw=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRIRFFcFNy4r2Ae0pUwmN+20k0mYuVFL6D+4Vfwad+LWjV+j08fCth4YOJxzL+fO8RPBNbrut5VbW9/Y3Mpv2zu7e/sHhcOjuo5TxaDGYhGrpk81CC6hhhwFNBMFNPIFNPzhzcRvPIDSPJb3OEqgE9Ge5CFnFI1Ub2MfkHYLRbfsTuGsEm9OimSOarfw0w5ilkYgkQmqdctzE+xkVCFnAsZ2O9WQUDakPWgZKmkEupNNrx07JaMEThgr8yQ6U/XvRkYjrUeRbyYjin297E3E/7xWiuFVJ+MySREkmwWFqXAwdiZfdwKugKEYGUKZ4uZWh/WpogxNQQspIYxklIzt0kL0Uxwo+ngxGNu2acxb7meV1M/Lnlv27i6Klet5d3lyQk7JGfHIJamQW1IlNcLIgDyTF/JqvVnv1of1ORvNWfOdY7IA6+sXQaOhbg==</latexit>

<latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit>

X

yav/T
<latexit sha1_base64="TENokz9qaBIXPuargdYELmzSm+c=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRMpKK4KblxW6AvaUCaTSTvtZCbMTKoh5B/cKn6NO3Hrxq/RaZuFbT0wcDjnXs6d40WUSGXb30ZhY3Nre6e4a+7tHxwelY5P2pLHAuEW4pSLrgclpoThliKK4m4kMAw9ijve5G7md6ZYSMJZUyURdkM4ZCQgCCottZMBnF42B6WyXbXnsNaJk5MyyNEYlH76PkdxiJlCFErZc+xIuSkUiiCKM7MfSxxBNIFD3NOUwRBLN51fm1kVrfhWwIV+TFlz9e9GCkMpk9DTkyFUI7nqzcT/vF6sghs3JSyKFWZoERTE1FLcmn3d8onASNFEE4gE0bdaaAQFREoXtJQS4ISFUWZWlqKfuC/gY22cmaZuzFntZ520r6qOXXUeauX6bd5dEZyBc3ABHHAN6uAeNEALIDAGz+AFvBpvxrvxYXwuRgtGvnMKlmB8/QLVWaEu</latexit><latexit sha1_base64="TENokz9qaBIXPuargdYELmzSm+c=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRMpKK4KblxW6AvaUCaTSTvtZCbMTKoh5B/cKn6NO3Hrxq/RaZuFbT0wcDjnXs6d40WUSGXb30ZhY3Nre6e4a+7tHxwelY5P2pLHAuEW4pSLrgclpoThliKK4m4kMAw9ijve5G7md6ZYSMJZUyURdkM4ZCQgCCottZMBnF42B6WyXbXnsNaJk5MyyNEYlH76PkdxiJlCFErZc+xIuSkUiiCKM7MfSxxBNIFD3NOUwRBLN51fm1kVrfhWwIV+TFlz9e9GCkMpk9DTkyFUI7nqzcT/vF6sghs3JSyKFWZoERTE1FLcmn3d8onASNFEE4gE0bdaaAQFREoXtJQS4ISFUWZWlqKfuC/gY22cmaZuzFntZ520r6qOXXUeauX6bd5dEZyBc3ABHHAN6uAeNEALIDAGz+AFvBpvxrvxYXwuRgtGvnMKlmB8/QLVWaEu</latexit><latexit sha1_base64="TENokz9qaBIXPuargdYELmzSm+c=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRMpKK4KblxW6AvaUCaTSTvtZCbMTKoh5B/cKn6NO3Hrxq/RaZuFbT0wcDjnXs6d40WUSGXb30ZhY3Nre6e4a+7tHxwelY5P2pLHAuEW4pSLrgclpoThliKK4m4kMAw9ijve5G7md6ZYSMJZUyURdkM4ZCQgCCottZMBnF42B6WyXbXnsNaJk5MyyNEYlH76PkdxiJlCFErZc+xIuSkUiiCKM7MfSxxBNIFD3NOUwRBLN51fm1kVrfhWwIV+TFlz9e9GCkMpk9DTkyFUI7nqzcT/vF6sghs3JSyKFWZoERTE1FLcmn3d8onASNFEE4gE0bdaaAQFREoXtJQS4ISFUWZWlqKfuC/gY22cmaZuzFntZ520r6qOXXUeauX6bd5dEZyBc3ABHHAN6uAeNEALIDAGz+AFvBpvxrvxYXwuRgtGvnMKlmB8/QLVWaEu</latexit><latexit sha1_base64="TENokz9qaBIXPuargdYELmzSm+c=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRMpKK4KblxW6AvaUCaTSTvtZCbMTKoh5B/cKn6NO3Hrxq/RaZuFbT0wcDjnXs6d40WUSGXb30ZhY3Nre6e4a+7tHxwelY5P2pLHAuEW4pSLrgclpoThliKK4m4kMAw9ijve5G7md6ZYSMJZUyURdkM4ZCQgCCottZMBnF42B6WyXbXnsNaJk5MyyNEYlH76PkdxiJlCFErZc+xIuSkUiiCKM7MfSxxBNIFD3NOUwRBLN51fm1kVrfhWwIV+TFlz9e9GCkMpk9DTkyFUI7nqzcT/vF6sghs3JSyKFWZoERTE1FLcmn3d8onASNFEE4gE0bdaaAQFREoXtJQS4ISFUWZWlqKfuC/gY22cmaZuzFntZ520r6qOXXUeauX6bd5dEZyBc3ABHHAN6uAeNEALIDAGz+AFvBpvxrvxYXwuRgtGvnMKlmB8/QLVWaEu</latexit>

<ϕ>=0 <ϕ>≠0

N
<latexit sha1_base64="OW51K1f3AB7FxaQgzVXkF4YV570="></latexit><latexit sha1_base64="OW51K1f3AB7FxaQgzVXkF4YV570="></latexit><latexit sha1_base64="OW51K1f3AB7FxaQgzVXkF4YV570="></latexit><latexit sha1_base64="OW51K1f3AB7FxaQgzVXkF4YV570="></latexit>

SM
<latexit sha1_base64="k6FcotgYbmzZ5mW4rqT8fKGBdl8="></latexit><latexit sha1_base64="k6FcotgYbmzZ5mW4rqT8fKGBdl8="></latexit><latexit sha1_base64="k6FcotgYbmzZ5mW4rqT8fKGBdl8="></latexit><latexit sha1_base64="k6FcotgYbmzZ5mW4rqT8fKGBdl8="></latexit>

SM
<latexit sha1_base64="k6FcotgYbmzZ5mW4rqT8fKGBdl8="></latexit><latexit sha1_base64="k6FcotgYbmzZ5mW4rqT8fKGBdl8="></latexit><latexit sha1_base64="k6FcotgYbmzZ5mW4rqT8fKGBdl8="></latexit><latexit sha1_base64="k6FcotgYbmzZ5mW4rqT8fKGBdl8="></latexit>
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<latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit>

X

✓
<latexit sha1_base64="XkSn7rRevLWn5ygtn+htfVuVmxw=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRIRFFcFNy4r2Ae0pUwmN+20k0mYuVFL6D+4Vfwad+LWjV+j08fCth4YOJxzL+fO8RPBNbrut5VbW9/Y3Mpv2zu7e/sHhcOjuo5TxaDGYhGrpk81CC6hhhwFNBMFNPIFNPzhzcRvPIDSPJb3OEqgE9Ge5CFnFI1Ub2MfkHYLRbfsTuGsEm9OimSOarfw0w5ilkYgkQmqdctzE+xkVCFnAsZ2O9WQUDakPWgZKmkEupNNrx07JaMEThgr8yQ6U/XvRkYjrUeRbyYjin297E3E/7xWiuFVJ+MySREkmwWFqXAwdiZfdwKugKEYGUKZ4uZWh/WpogxNQQspIYxklIzt0kL0Uxwo+ngxGNu2acxb7meV1M/Lnlv27i6Klet5d3lyQk7JGfHIJamQW1IlNcLIgDyTF/JqvVnv1of1ORvNWfOdY7IA6+sXQaOhbg==</latexit><latexit sha1_base64="XkSn7rRevLWn5ygtn+htfVuVmxw=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRIRFFcFNy4r2Ae0pUwmN+20k0mYuVFL6D+4Vfwad+LWjV+j08fCth4YOJxzL+fO8RPBNbrut5VbW9/Y3Mpv2zu7e/sHhcOjuo5TxaDGYhGrpk81CC6hhhwFNBMFNPIFNPzhzcRvPIDSPJb3OEqgE9Ge5CFnFI1Ub2MfkHYLRbfsTuGsEm9OimSOarfw0w5ilkYgkQmqdctzE+xkVCFnAsZ2O9WQUDakPWgZKmkEupNNrx07JaMEThgr8yQ6U/XvRkYjrUeRbyYjin297E3E/7xWiuFVJ+MySREkmwWFqXAwdiZfdwKugKEYGUKZ4uZWh/WpogxNQQspIYxklIzt0kL0Uxwo+ngxGNu2acxb7meV1M/Lnlv27i6Klet5d3lyQk7JGfHIJamQW1IlNcLIgDyTF/JqvVnv1of1ORvNWfOdY7IA6+sXQaOhbg==</latexit><latexit sha1_base64="XkSn7rRevLWn5ygtn+htfVuVmxw=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRIRFFcFNy4r2Ae0pUwmN+20k0mYuVFL6D+4Vfwad+LWjV+j08fCth4YOJxzL+fO8RPBNbrut5VbW9/Y3Mpv2zu7e/sHhcOjuo5TxaDGYhGrpk81CC6hhhwFNBMFNPIFNPzhzcRvPIDSPJb3OEqgE9Ge5CFnFI1Ub2MfkHYLRbfsTuGsEm9OimSOarfw0w5ilkYgkQmqdctzE+xkVCFnAsZ2O9WQUDakPWgZKmkEupNNrx07JaMEThgr8yQ6U/XvRkYjrUeRbyYjin297E3E/7xWiuFVJ+MySREkmwWFqXAwdiZfdwKugKEYGUKZ4uZWh/WpogxNQQspIYxklIzt0kL0Uxwo+ngxGNu2acxb7meV1M/Lnlv27i6Klet5d3lyQk7JGfHIJamQW1IlNcLIgDyTF/JqvVnv1of1ORvNWfOdY7IA6+sXQaOhbg==</latexit><latexit sha1_base64="XkSn7rRevLWn5ygtn+htfVuVmxw=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRIRFFcFNy4r2Ae0pUwmN+20k0mYuVFL6D+4Vfwad+LWjV+j08fCth4YOJxzL+fO8RPBNbrut5VbW9/Y3Mpv2zu7e/sHhcOjuo5TxaDGYhGrpk81CC6hhhwFNBMFNPIFNPzhzcRvPIDSPJb3OEqgE9Ge5CFnFI1Ub2MfkHYLRbfsTuGsEm9OimSOarfw0w5ilkYgkQmqdctzE+xkVCFnAsZ2O9WQUDakPWgZKmkEupNNrx07JaMEThgr8yQ6U/XvRkYjrUeRbyYjin297E3E/7xWiuFVJ+MySREkmwWFqXAwdiZfdwKugKEYGUKZ4uZWh/WpogxNQQspIYxklIzt0kL0Uxwo+ngxGNu2acxb7meV1M/Lnlv27i6Klet5d3lyQk7JGfHIJamQW1IlNcLIgDyTF/JqvVnv1of1ORvNWfOdY7IA6+sXQaOhbg==</latexit>

<latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit>

X

yav/T
<latexit sha1_base64="TENokz9qaBIXPuargdYELmzSm+c=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRMpKK4KblxW6AvaUCaTSTvtZCbMTKoh5B/cKn6NO3Hrxq/RaZuFbT0wcDjnXs6d40WUSGXb30ZhY3Nre6e4a+7tHxwelY5P2pLHAuEW4pSLrgclpoThliKK4m4kMAw9ijve5G7md6ZYSMJZUyURdkM4ZCQgCCottZMBnF42B6WyXbXnsNaJk5MyyNEYlH76PkdxiJlCFErZc+xIuSkUiiCKM7MfSxxBNIFD3NOUwRBLN51fm1kVrfhWwIV+TFlz9e9GCkMpk9DTkyFUI7nqzcT/vF6sghs3JSyKFWZoERTE1FLcmn3d8onASNFEE4gE0bdaaAQFREoXtJQS4ISFUWZWlqKfuC/gY22cmaZuzFntZ520r6qOXXUeauX6bd5dEZyBc3ABHHAN6uAeNEALIDAGz+AFvBpvxrvxYXwuRgtGvnMKlmB8/QLVWaEu</latexit><latexit sha1_base64="TENokz9qaBIXPuargdYELmzSm+c=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRMpKK4KblxW6AvaUCaTSTvtZCbMTKoh5B/cKn6NO3Hrxq/RaZuFbT0wcDjnXs6d40WUSGXb30ZhY3Nre6e4a+7tHxwelY5P2pLHAuEW4pSLrgclpoThliKK4m4kMAw9ijve5G7md6ZYSMJZUyURdkM4ZCQgCCottZMBnF42B6WyXbXnsNaJk5MyyNEYlH76PkdxiJlCFErZc+xIuSkUiiCKM7MfSxxBNIFD3NOUwRBLN51fm1kVrfhWwIV+TFlz9e9GCkMpk9DTkyFUI7nqzcT/vF6sghs3JSyKFWZoERTE1FLcmn3d8onASNFEE4gE0bdaaAQFREoXtJQS4ISFUWZWlqKfuC/gY22cmaZuzFntZ520r6qOXXUeauX6bd5dEZyBc3ABHHAN6uAeNEALIDAGz+AFvBpvxrvxYXwuRgtGvnMKlmB8/QLVWaEu</latexit><latexit sha1_base64="TENokz9qaBIXPuargdYELmzSm+c=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRMpKK4KblxW6AvaUCaTSTvtZCbMTKoh5B/cKn6NO3Hrxq/RaZuFbT0wcDjnXs6d40WUSGXb30ZhY3Nre6e4a+7tHxwelY5P2pLHAuEW4pSLrgclpoThliKK4m4kMAw9ijve5G7md6ZYSMJZUyURdkM4ZCQgCCottZMBnF42B6WyXbXnsNaJk5MyyNEYlH76PkdxiJlCFErZc+xIuSkUiiCKM7MfSxxBNIFD3NOUwRBLN51fm1kVrfhWwIV+TFlz9e9GCkMpk9DTkyFUI7nqzcT/vF6sghs3JSyKFWZoERTE1FLcmn3d8onASNFEE4gE0bdaaAQFREoXtJQS4ISFUWZWlqKfuC/gY22cmaZuzFntZ520r6qOXXUeauX6bd5dEZyBc3ABHHAN6uAeNEALIDAGz+AFvBpvxrvxYXwuRgtGvnMKlmB8/QLVWaEu</latexit><latexit sha1_base64="TENokz9qaBIXPuargdYELmzSm+c=">AAACGnicbVDLSsNAFJ3UV42vqks3wVJwVRMpKK4KblxW6AvaUCaTSTvtZCbMTKoh5B/cKn6NO3Hrxq/RaZuFbT0wcDjnXs6d40WUSGXb30ZhY3Nre6e4a+7tHxwelY5P2pLHAuEW4pSLrgclpoThliKK4m4kMAw9ijve5G7md6ZYSMJZUyURdkM4ZCQgCCottZMBnF42B6WyXbXnsNaJk5MyyNEYlH76PkdxiJlCFErZc+xIuSkUiiCKM7MfSxxBNIFD3NOUwRBLN51fm1kVrfhWwIV+TFlz9e9GCkMpk9DTkyFUI7nqzcT/vF6sghs3JSyKFWZoERTE1FLcmn3d8onASNFEE4gE0bdaaAQFREoXtJQS4ISFUWZWlqKfuC/gY22cmaZuzFntZ520r6qOXXUeauX6bd5dEZyBc3ABHHAN6uAeNEALIDAGz+AFvBpvxrvxYXwuRgtGvnMKlmB8/QLVWaEu</latexit>

<ϕ>=0 <ϕ>≠0

⌫
<latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit>

⌫
<latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit>

N
<latexit sha1_base64="OW51K1f3AB7FxaQgzVXkF4YV570="></latexit><latexit sha1_base64="OW51K1f3AB7FxaQgzVXkF4YV570="></latexit><latexit sha1_base64="OW51K1f3AB7FxaQgzVXkF4YV570="></latexit><latexit sha1_base64="OW51K1f3AB7FxaQgzVXkF4YV570="></latexit>

⌫s
<latexit sha1_base64="rlQQ3pYCGQW13a0F/kjh1I0DHz8="></latexit><latexit sha1_base64="rlQQ3pYCGQW13a0F/kjh1I0DHz8="></latexit><latexit sha1_base64="rlQQ3pYCGQW13a0F/kjh1I0DHz8="></latexit><latexit sha1_base64="rlQQ3pYCGQW13a0F/kjh1I0DHz8="></latexit>

Depend on the Dark Sector’s 
— couplings 
— masses 
— primordial abundance  
We do not know!

Dark
<latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit>

Dark
<latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit>

Dark
<latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit>

Dark
<latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit>

Dark
<latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit>

Dark
<latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit>
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Qualitative typical picture…

L � y`HO + · · ·
<latexit sha1_base64="+zmrIByo8/hgsZV1FR7NUH8G5Ls="></latexit><latexit sha1_base64="+zmrIByo8/hgsZV1FR7NUH8G5Ls="></latexit><latexit sha1_base64="+zmrIByo8/hgsZV1FR7NUH8G5Ls="></latexit><latexit sha1_base64="+zmrIByo8/hgsZV1FR7NUH8G5Ls="></latexit>

✗

Ne↵ ' 3
<latexit sha1_base64="WuPd4+GIe0TjIFCvJuu5fgq0B3M=">AAACKHicbVBNS8NAFNz4WeNXrUcvi0XwVBItKJ4EL56kgrWFtpTN5kVXdzdxd6OGkL/iVfHXeJNe/SO6rT3Y1oEHw8x7zGOChDNtPG/gzM0vLC4tl1bc1bX1jc3yVuVax6mi0KQxj1U7IBo4k9A0zHBoJwqICDi0gvuzod96BKVZLK9MlkBPkBvJIkaJsVK/XLno510lMERR0dVMwMNhv1z1at4IeJb4Y1JFYzT65e9uGNNUgDSUE607vpeYXk6UYZRD4XZTDQmh9+QGOpZKIkD38tHvBd6zSoijWNmRBo/Uvxc5EVpnIrCbgphbPe0Nxf+8Tmqi417OZJIakPQ3KEo5NjEeFoFDpoAanllCqGL2V0xviSLU2LomUiLIpEgKd28i+jkOFXmq3xWuaxvzp/uZJdcHNd+r+Zf16unJuLsS2kG7aB/56AidonPUQE1E0TN6Qa/ozXl3PpxPZ/C7OueMb7bRBJyvHy4ipoQ=</latexit><latexit sha1_base64="WuPd4+GIe0TjIFCvJuu5fgq0B3M=">AAACKHicbVBNS8NAFNz4WeNXrUcvi0XwVBItKJ4EL56kgrWFtpTN5kVXdzdxd6OGkL/iVfHXeJNe/SO6rT3Y1oEHw8x7zGOChDNtPG/gzM0vLC4tl1bc1bX1jc3yVuVax6mi0KQxj1U7IBo4k9A0zHBoJwqICDi0gvuzod96BKVZLK9MlkBPkBvJIkaJsVK/XLno510lMERR0dVMwMNhv1z1at4IeJb4Y1JFYzT65e9uGNNUgDSUE607vpeYXk6UYZRD4XZTDQmh9+QGOpZKIkD38tHvBd6zSoijWNmRBo/Uvxc5EVpnIrCbgphbPe0Nxf+8Tmqi417OZJIakPQ3KEo5NjEeFoFDpoAanllCqGL2V0xviSLU2LomUiLIpEgKd28i+jkOFXmq3xWuaxvzp/uZJdcHNd+r+Zf16unJuLsS2kG7aB/56AidonPUQE1E0TN6Qa/ozXl3PpxPZ/C7OueMb7bRBJyvHy4ipoQ=</latexit><latexit sha1_base64="WuPd4+GIe0TjIFCvJuu5fgq0B3M=">AAACKHicbVBNS8NAFNz4WeNXrUcvi0XwVBItKJ4EL56kgrWFtpTN5kVXdzdxd6OGkL/iVfHXeJNe/SO6rT3Y1oEHw8x7zGOChDNtPG/gzM0vLC4tl1bc1bX1jc3yVuVax6mi0KQxj1U7IBo4k9A0zHBoJwqICDi0gvuzod96BKVZLK9MlkBPkBvJIkaJsVK/XLno510lMERR0dVMwMNhv1z1at4IeJb4Y1JFYzT65e9uGNNUgDSUE607vpeYXk6UYZRD4XZTDQmh9+QGOpZKIkD38tHvBd6zSoijWNmRBo/Uvxc5EVpnIrCbgphbPe0Nxf+8Tmqi417OZJIakPQ3KEo5NjEeFoFDpoAanllCqGL2V0xviSLU2LomUiLIpEgKd28i+jkOFXmq3xWuaxvzp/uZJdcHNd+r+Zf16unJuLsS2kG7aB/56AidonPUQE1E0TN6Qa/ozXl3PpxPZ/C7OueMb7bRBJyvHy4ipoQ=</latexit><latexit sha1_base64="WuPd4+GIe0TjIFCvJuu5fgq0B3M=">AAACKHicbVBNS8NAFNz4WeNXrUcvi0XwVBItKJ4EL56kgrWFtpTN5kVXdzdxd6OGkL/iVfHXeJNe/SO6rT3Y1oEHw8x7zGOChDNtPG/gzM0vLC4tl1bc1bX1jc3yVuVax6mi0KQxj1U7IBo4k9A0zHBoJwqICDi0gvuzod96BKVZLK9MlkBPkBvJIkaJsVK/XLno510lMERR0dVMwMNhv1z1at4IeJb4Y1JFYzT65e9uGNNUgDSUE607vpeYXk6UYZRD4XZTDQmh9+QGOpZKIkD38tHvBd6zSoijWNmRBo/Uvxc5EVpnIrCbgphbPe0Nxf+8Tmqi417OZJIakPQ3KEo5NjEeFoFDpoAanllCqGL2V0xviSLU2LomUiLIpEgKd28i+jkOFXmq3xWuaxvzp/uZJdcHNd+r+Zf16unJuLsS2kG7aB/56AidonPUQE1E0TN6Qa/ozXl3PpxPZ/C7OueMb7bRBJyvHy4ipoQ=</latexit>

Ne↵ > 3
<latexit sha1_base64="LCmJfvBMYEdgeDskkbNIMUgBb2g=">AAACIXicbVDLSgMxFM34rOOr6tJNsBRclRktKC6k4MaVKFgV2qFk0jttNMmMSUYtw3yHW8WvcSfuxI/R9LGwrQcuHM65l3M5YcKZNp735czMzs0vLBaW3OWV1bX14sbmlY5TRaFOYx6rm5Bo4ExC3TDD4SZRQETI4Tq8O+n71w+gNIvlpeklEAjSkSxilBgrBWetrKkEhijKj/dbxZJX8QbA08QfkRIa4bxV/Gm2Y5oKkIZyonXD9xITZEQZRjnkbjPVkBB6RzrQsFQSATrIBk/nuGyVNo5iZUcaPFD/XmREaN0Tod0UxHT1pNcX//MaqYkOg4zJJDUg6TAoSjk2Me43gNtMATW8ZwmhitlfMe0SRaixPY2lRNCTIsnd8lj0U9xW5LF6m7uubcyf7GeaXO1VfK/iX1RLtaNRdwW0jXbQLvLRAaqhU3SO6oiie/SMXtCr8+a8Ox/O53B1xhndbKExON+/EACj5A==</latexit><latexit sha1_base64="LCmJfvBMYEdgeDskkbNIMUgBb2g=">AAACIXicbVDLSgMxFM34rOOr6tJNsBRclRktKC6k4MaVKFgV2qFk0jttNMmMSUYtw3yHW8WvcSfuxI/R9LGwrQcuHM65l3M5YcKZNp735czMzs0vLBaW3OWV1bX14sbmlY5TRaFOYx6rm5Bo4ExC3TDD4SZRQETI4Tq8O+n71w+gNIvlpeklEAjSkSxilBgrBWetrKkEhijKj/dbxZJX8QbA08QfkRIa4bxV/Gm2Y5oKkIZyonXD9xITZEQZRjnkbjPVkBB6RzrQsFQSATrIBk/nuGyVNo5iZUcaPFD/XmREaN0Tod0UxHT1pNcX//MaqYkOg4zJJDUg6TAoSjk2Me43gNtMATW8ZwmhitlfMe0SRaixPY2lRNCTIsnd8lj0U9xW5LF6m7uubcyf7GeaXO1VfK/iX1RLtaNRdwW0jXbQLvLRAaqhU3SO6oiie/SMXtCr8+a8Ox/O53B1xhndbKExON+/EACj5A==</latexit><latexit sha1_base64="LCmJfvBMYEdgeDskkbNIMUgBb2g=">AAACIXicbVDLSgMxFM34rOOr6tJNsBRclRktKC6k4MaVKFgV2qFk0jttNMmMSUYtw3yHW8WvcSfuxI/R9LGwrQcuHM65l3M5YcKZNp735czMzs0vLBaW3OWV1bX14sbmlY5TRaFOYx6rm5Bo4ExC3TDD4SZRQETI4Tq8O+n71w+gNIvlpeklEAjSkSxilBgrBWetrKkEhijKj/dbxZJX8QbA08QfkRIa4bxV/Gm2Y5oKkIZyonXD9xITZEQZRjnkbjPVkBB6RzrQsFQSATrIBk/nuGyVNo5iZUcaPFD/XmREaN0Tod0UxHT1pNcX//MaqYkOg4zJJDUg6TAoSjk2Me43gNtMATW8ZwmhitlfMe0SRaixPY2lRNCTIsnd8lj0U9xW5LF6m7uubcyf7GeaXO1VfK/iX1RLtaNRdwW0jXbQLvLRAaqhU3SO6oiie/SMXtCr8+a8Ox/O53B1xhndbKExON+/EACj5A==</latexit><latexit sha1_base64="LCmJfvBMYEdgeDskkbNIMUgBb2g=">AAACIXicbVDLSgMxFM34rOOr6tJNsBRclRktKC6k4MaVKFgV2qFk0jttNMmMSUYtw3yHW8WvcSfuxI/R9LGwrQcuHM65l3M5YcKZNp735czMzs0vLBaW3OWV1bX14sbmlY5TRaFOYx6rm5Bo4ExC3TDD4SZRQETI4Tq8O+n71w+gNIvlpeklEAjSkSxilBgrBWetrKkEhijKj/dbxZJX8QbA08QfkRIa4bxV/Gm2Y5oKkIZyonXD9xITZEQZRjnkbjPVkBB6RzrQsFQSATrIBk/nuGyVNo5iZUcaPFD/XmREaN0Tod0UxHT1pNcX//MaqYkOg4zJJDUg6TAoSjk2Me43gNtMATW8ZwmhitlfMe0SRaixPY2lRNCTIsnd8lj0U9xW5LF6m7uubcyf7GeaXO1VfK/iX1RLtaNRdwW0jXbQLvLRAaqhU3SO6oiie/SMXtCr8+a8Ox/O53B1xhndbKExON+/EACj5A==</latexit>

coupling
<latexit sha1_base64="5L2ZBRD7DxPwQyvJKmyT6Q72uTY=">AAACInicbVDLSsNAFJ3UV42vqks3g6XgqiQiKK4KblxWsA9oY5lMJ+3YeYSZiRpC/sOt4te4E1eC/6LTx8K2HrhwOOdezuWEMaPaeN6XU1hZXVvfKG66W9s7u3ul/YOmlonCpIElk6odIk0YFaRhqGGkHSuCeMhIKxxdjf3WA1GaSnFr0pgEHA0EjShGxkp3WVdxiGVio8Qg75XKXtWbAC4Tf0bKYIZ6r/TT7UuccCIMZkjrju/FJsiQMhQzkrvdRJMY4REakI6lAnGig2zydQ4rVunDSCo7wsCJ+vciQ1zrlId2kyMz1IveWPzP6yQmuggyKuLEEIGnQVHCoJFwXAHsU0WwYaklCCtqf4V4iBTCxhY1lxKRVPA4dytz0U+yr9Dj2X3uurYxf7GfZdI8rfpe1b85K9cuZ90VwRE4BifAB+egBq5BHTQABgo8gxfw6rw5786H8zldLTizm0MwB+f7FwvApQA=</latexit><latexit sha1_base64="5L2ZBRD7DxPwQyvJKmyT6Q72uTY=">AAACInicbVDLSsNAFJ3UV42vqks3g6XgqiQiKK4KblxWsA9oY5lMJ+3YeYSZiRpC/sOt4te4E1eC/6LTx8K2HrhwOOdezuWEMaPaeN6XU1hZXVvfKG66W9s7u3ul/YOmlonCpIElk6odIk0YFaRhqGGkHSuCeMhIKxxdjf3WA1GaSnFr0pgEHA0EjShGxkp3WVdxiGVio8Qg75XKXtWbAC4Tf0bKYIZ6r/TT7UuccCIMZkjrju/FJsiQMhQzkrvdRJMY4REakI6lAnGig2zydQ4rVunDSCo7wsCJ+vciQ1zrlId2kyMz1IveWPzP6yQmuggyKuLEEIGnQVHCoJFwXAHsU0WwYaklCCtqf4V4iBTCxhY1lxKRVPA4dytz0U+yr9Dj2X3uurYxf7GfZdI8rfpe1b85K9cuZ90VwRE4BifAB+egBq5BHTQABgo8gxfw6rw5786H8zldLTizm0MwB+f7FwvApQA=</latexit><latexit sha1_base64="5L2ZBRD7DxPwQyvJKmyT6Q72uTY=">AAACInicbVDLSsNAFJ3UV42vqks3g6XgqiQiKK4KblxWsA9oY5lMJ+3YeYSZiRpC/sOt4te4E1eC/6LTx8K2HrhwOOdezuWEMaPaeN6XU1hZXVvfKG66W9s7u3ul/YOmlonCpIElk6odIk0YFaRhqGGkHSuCeMhIKxxdjf3WA1GaSnFr0pgEHA0EjShGxkp3WVdxiGVio8Qg75XKXtWbAC4Tf0bKYIZ6r/TT7UuccCIMZkjrju/FJsiQMhQzkrvdRJMY4REakI6lAnGig2zydQ4rVunDSCo7wsCJ+vciQ1zrlId2kyMz1IveWPzP6yQmuggyKuLEEIGnQVHCoJFwXAHsU0WwYaklCCtqf4V4iBTCxhY1lxKRVPA4dytz0U+yr9Dj2X3uurYxf7GfZdI8rfpe1b85K9cuZ90VwRE4BifAB+egBq5BHTQABgo8gxfw6rw5786H8zldLTizm0MwB+f7FwvApQA=</latexit><latexit sha1_base64="5L2ZBRD7DxPwQyvJKmyT6Q72uTY=">AAACInicbVDLSsNAFJ3UV42vqks3g6XgqiQiKK4KblxWsA9oY5lMJ+3YeYSZiRpC/sOt4te4E1eC/6LTx8K2HrhwOOdezuWEMaPaeN6XU1hZXVvfKG66W9s7u3ul/YOmlonCpIElk6odIk0YFaRhqGGkHSuCeMhIKxxdjf3WA1GaSnFr0pgEHA0EjShGxkp3WVdxiGVio8Qg75XKXtWbAC4Tf0bKYIZ6r/TT7UuccCIMZkjrju/FJsiQMhQzkrvdRJMY4REakI6lAnGig2zydQ4rVunDSCo7wsCJ+vciQ1zrlId2kyMz1IveWPzP6yQmuggyKuLEEIGnQVHCoJFwXAHsU0WwYaklCCtqf4V4iBTCxhY1lxKRVPA4dytz0U+yr9Dj2X3uurYxf7GfZdI8rfpe1b85K9cuZ90VwRE4BifAB+egBq5BHTQABgo8gxfw6rw5786H8zldLTizm0MwB+f7FwvApQA=</latexit>

T�
<latexit sha1_base64="9ReU/tHARV1ZsV0n0SfDQJ+OlY8=">AAACHHicbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZoS9oh5LJZNrYTDIkGXUY5ifcKn6NO3Er+DWatrOwrQcCh3Pu5dwcP2ZUacf5tkpr6xubW+Vte2d3b/+gcnjUUSKRmLSxYEL2fKQIo5y0NdWM9GJJUOQz0vUnN1O/+0CkooK3dBoTL0IjTkOKkTZSrzXMBvGY5sNK1ak7M8BV4hakCgo0h5WfQSBwEhGuMUNK9V0n1l6GpKaYkdweJIrECE/QiPQN5Sgiystm9+awZpQAhkKaxzWcqX83MhQplUa+mYyQHqtlbyr+5/UTHV55GeVxognH86AwYVALOP08DKgkWLPUEIQlNbdCPEYSYW0qWkgJScqjOLdrC9FPIpDo8eI+t23TmLvczyrpnNddp+7eXVQb10V3ZXACTsEZcMElaIBb0ARtgAEDz+AFvFpv1rv1YX3OR0tWsXMMFmB9/QL6tKJY</latexit><latexit sha1_base64="9ReU/tHARV1ZsV0n0SfDQJ+OlY8=">AAACHHicbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZoS9oh5LJZNrYTDIkGXUY5ifcKn6NO3Er+DWatrOwrQcCh3Pu5dwcP2ZUacf5tkpr6xubW+Vte2d3b/+gcnjUUSKRmLSxYEL2fKQIo5y0NdWM9GJJUOQz0vUnN1O/+0CkooK3dBoTL0IjTkOKkTZSrzXMBvGY5sNK1ak7M8BV4hakCgo0h5WfQSBwEhGuMUNK9V0n1l6GpKaYkdweJIrECE/QiPQN5Sgiystm9+awZpQAhkKaxzWcqX83MhQplUa+mYyQHqtlbyr+5/UTHV55GeVxognH86AwYVALOP08DKgkWLPUEIQlNbdCPEYSYW0qWkgJScqjOLdrC9FPIpDo8eI+t23TmLvczyrpnNddp+7eXVQb10V3ZXACTsEZcMElaIBb0ARtgAEDz+AFvFpv1rv1YX3OR0tWsXMMFmB9/QL6tKJY</latexit><latexit sha1_base64="9ReU/tHARV1ZsV0n0SfDQJ+OlY8=">AAACHHicbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZoS9oh5LJZNrYTDIkGXUY5ifcKn6NO3Er+DWatrOwrQcCh3Pu5dwcP2ZUacf5tkpr6xubW+Vte2d3b/+gcnjUUSKRmLSxYEL2fKQIo5y0NdWM9GJJUOQz0vUnN1O/+0CkooK3dBoTL0IjTkOKkTZSrzXMBvGY5sNK1ak7M8BV4hakCgo0h5WfQSBwEhGuMUNK9V0n1l6GpKaYkdweJIrECE/QiPQN5Sgiystm9+awZpQAhkKaxzWcqX83MhQplUa+mYyQHqtlbyr+5/UTHV55GeVxognH86AwYVALOP08DKgkWLPUEIQlNbdCPEYSYW0qWkgJScqjOLdrC9FPIpDo8eI+t23TmLvczyrpnNddp+7eXVQb10V3ZXACTsEZcMElaIBb0ARtgAEDz+AFvFpv1rv1YX3OR0tWsXMMFmB9/QL6tKJY</latexit><latexit sha1_base64="9ReU/tHARV1ZsV0n0SfDQJ+OlY8=">AAACHHicbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZoS9oh5LJZNrYTDIkGXUY5ifcKn6NO3Er+DWatrOwrQcCh3Pu5dwcP2ZUacf5tkpr6xubW+Vte2d3b/+gcnjUUSKRmLSxYEL2fKQIo5y0NdWM9GJJUOQz0vUnN1O/+0CkooK3dBoTL0IjTkOKkTZSrzXMBvGY5sNK1ak7M8BV4hakCgo0h5WfQSBwEhGuMUNK9V0n1l6GpKaYkdweJIrECE/QiPQN5Sgiystm9+awZpQAhkKaxzWcqX83MhQplUa+mYyQHqtlbyr+5/UTHV55GeVxognH86AwYVALOP08DKgkWLPUEIQlNbdCPEYSYW0qWkgJScqjOLdrC9FPIpDo8eI+t23TmLvczyrpnNddp+7eXVQb10V3ZXACTsEZcMElaIBb0ARtgAEDz+AFvFpv1rv1YX3OR0tWsXMMFmB9/QL6tKJY</latexit>

✔

Recoupling 
Before CMB

ms < eV
<latexit sha1_base64="Q9+5kjtML+fS8PuP63aEbsyZOSc=">AAACIHicbVDLSgMxFM3UVx1fVZdugqXgqsyIoIiLghuXFewD2lIy6Z02NskMSUYtw/yGW8WvcScu9Wc0fSxs64ELh3Pu5VxOEHOmjed9ObmV1bX1jfymu7W9s7tX2D+o6yhRFGo04pFqBkQDZxJqhhkOzVgBEQGHRjC8HvuNB1CaRfLOjGLoCNKXLGSUGCu1RVdfpW0lMNSzbqHolb0J8DLxZ6SIZqh2Cz/tXkQTAdJQTrRu+V5sOilRhlEOmdtONMSEDkkfWpZKIkB30snPGS5ZpYfDSNmRBk/UvxcpEVqPRGA3BTEDveiNxf+8VmLCi07KZJwYkHQaFCYcmwiPC8A9poAaPrKEUMXsr5gOiCLU2JrmUkIYSRFnbmku+inqKfJ4dp+5rm3MX+xnmdRPy75X9m/PipXLWXd5dISO0Qny0TmqoBtURTVEUYye0Qt6dd6cd+fD+Zyu5pzZzSGag/P9C7y3o8E=</latexit><latexit sha1_base64="Q9+5kjtML+fS8PuP63aEbsyZOSc=">AAACIHicbVDLSgMxFM3UVx1fVZdugqXgqsyIoIiLghuXFewD2lIy6Z02NskMSUYtw/yGW8WvcScu9Wc0fSxs64ELh3Pu5VxOEHOmjed9ObmV1bX1jfymu7W9s7tX2D+o6yhRFGo04pFqBkQDZxJqhhkOzVgBEQGHRjC8HvuNB1CaRfLOjGLoCNKXLGSUGCu1RVdfpW0lMNSzbqHolb0J8DLxZ6SIZqh2Cz/tXkQTAdJQTrRu+V5sOilRhlEOmdtONMSEDkkfWpZKIkB30snPGS5ZpYfDSNmRBk/UvxcpEVqPRGA3BTEDveiNxf+8VmLCi07KZJwYkHQaFCYcmwiPC8A9poAaPrKEUMXsr5gOiCLU2JrmUkIYSRFnbmku+inqKfJ4dp+5rm3MX+xnmdRPy75X9m/PipXLWXd5dISO0Qny0TmqoBtURTVEUYye0Qt6dd6cd+fD+Zyu5pzZzSGag/P9C7y3o8E=</latexit><latexit sha1_base64="Q9+5kjtML+fS8PuP63aEbsyZOSc=">AAACIHicbVDLSgMxFM3UVx1fVZdugqXgqsyIoIiLghuXFewD2lIy6Z02NskMSUYtw/yGW8WvcScu9Wc0fSxs64ELh3Pu5VxOEHOmjed9ObmV1bX1jfymu7W9s7tX2D+o6yhRFGo04pFqBkQDZxJqhhkOzVgBEQGHRjC8HvuNB1CaRfLOjGLoCNKXLGSUGCu1RVdfpW0lMNSzbqHolb0J8DLxZ6SIZqh2Cz/tXkQTAdJQTrRu+V5sOilRhlEOmdtONMSEDkkfWpZKIkB30snPGS5ZpYfDSNmRBk/UvxcpEVqPRGA3BTEDveiNxf+8VmLCi07KZJwYkHQaFCYcmwiPC8A9poAaPrKEUMXsr5gOiCLU2JrmUkIYSRFnbmku+inqKfJ4dp+5rm3MX+xnmdRPy75X9m/PipXLWXd5dISO0Qny0TmqoBtURTVEUYye0Qt6dd6cd+fD+Zyu5pzZzSGag/P9C7y3o8E=</latexit><latexit sha1_base64="Q9+5kjtML+fS8PuP63aEbsyZOSc=">AAACIHicbVDLSgMxFM3UVx1fVZdugqXgqsyIoIiLghuXFewD2lIy6Z02NskMSUYtw/yGW8WvcScu9Wc0fSxs64ELh3Pu5VxOEHOmjed9ObmV1bX1jfymu7W9s7tX2D+o6yhRFGo04pFqBkQDZxJqhhkOzVgBEQGHRjC8HvuNB1CaRfLOjGLoCNKXLGSUGCu1RVdfpW0lMNSzbqHolb0J8DLxZ6SIZqh2Cz/tXkQTAdJQTrRu+V5sOilRhlEOmdtONMSEDkkfWpZKIkB30snPGS5ZpYfDSNmRBk/UvxcpEVqPRGA3BTEDveiNxf+8VmLCi07KZJwYkHQaFCYcmwiPC8A9poAaPrKEUMXsr5gOiCLU2JrmUkIYSRFnbmku+inqKfJ4dp+5rm3MX+xnmdRPy75X9m/PipXLWXd5dISO0Qny0TmqoBtURTVEUYye0Qt6dd6cd+fD+Zyu5pzZzSGag/P9C7y3o8E=</latexit>

✗ms > eV
<latexit sha1_base64="XqDMotqFDVoDv12AxO9OmCIAnNU=">AAACIHicbVDLSgMxFM3UVx1fVZdugqXgqsyIoLiQghuXFewD2lIy6Z02NskMSUYtw/yGW8WvcScu9Wc0fSxs64ELh3Pu5VxOEHOmjed9ObmV1bX1jfymu7W9s7tX2D+o6yhRFGo04pFqBkQDZxJqhhkOzVgBEQGHRjC8HvuNB1CaRfLOjGLoCNKXLGSUGCu1RVdfpW0lMNSzbqHolb0J8DLxZ6SIZqh2Cz/tXkQTAdJQTrRu+V5sOilRhlEOmdtONMSEDkkfWpZKIkB30snPGS5ZpYfDSNmRBk/UvxcpEVqPRGA3BTEDveiNxf+8VmLCi07KZJwYkHQaFCYcmwiPC8A9poAaPrKEUMXsr5gOiCLU2JrmUkIYSRFnbmku+inqKfJ4dp+5rm3MX+xnmdRPy75X9m/PipXLWXd5dISO0Qny0TmqoBtURTVEUYye0Qt6dd6cd+fD+Zyu5pzZzSGag/P9C8Apo8M=</latexit><latexit sha1_base64="XqDMotqFDVoDv12AxO9OmCIAnNU=">AAACIHicbVDLSgMxFM3UVx1fVZdugqXgqsyIoLiQghuXFewD2lIy6Z02NskMSUYtw/yGW8WvcScu9Wc0fSxs64ELh3Pu5VxOEHOmjed9ObmV1bX1jfymu7W9s7tX2D+o6yhRFGo04pFqBkQDZxJqhhkOzVgBEQGHRjC8HvuNB1CaRfLOjGLoCNKXLGSUGCu1RVdfpW0lMNSzbqHolb0J8DLxZ6SIZqh2Cz/tXkQTAdJQTrRu+V5sOilRhlEOmdtONMSEDkkfWpZKIkB30snPGS5ZpYfDSNmRBk/UvxcpEVqPRGA3BTEDveiNxf+8VmLCi07KZJwYkHQaFCYcmwiPC8A9poAaPrKEUMXsr5gOiCLU2JrmUkIYSRFnbmku+inqKfJ4dp+5rm3MX+xnmdRPy75X9m/PipXLWXd5dISO0Qny0TmqoBtURTVEUYye0Qt6dd6cd+fD+Zyu5pzZzSGag/P9C8Apo8M=</latexit><latexit sha1_base64="XqDMotqFDVoDv12AxO9OmCIAnNU=">AAACIHicbVDLSgMxFM3UVx1fVZdugqXgqsyIoLiQghuXFewD2lIy6Z02NskMSUYtw/yGW8WvcScu9Wc0fSxs64ELh3Pu5VxOEHOmjed9ObmV1bX1jfymu7W9s7tX2D+o6yhRFGo04pFqBkQDZxJqhhkOzVgBEQGHRjC8HvuNB1CaRfLOjGLoCNKXLGSUGCu1RVdfpW0lMNSzbqHolb0J8DLxZ6SIZqh2Cz/tXkQTAdJQTrRu+V5sOilRhlEOmdtONMSEDkkfWpZKIkB30snPGS5ZpYfDSNmRBk/UvxcpEVqPRGA3BTEDveiNxf+8VmLCi07KZJwYkHQaFCYcmwiPC8A9poAaPrKEUMXsr5gOiCLU2JrmUkIYSRFnbmku+inqKfJ4dp+5rm3MX+xnmdRPy75X9m/PipXLWXd5dISO0Qny0TmqoBtURTVEUYye0Qt6dd6cd+fD+Zyu5pzZzSGag/P9C8Apo8M=</latexit><latexit sha1_base64="XqDMotqFDVoDv12AxO9OmCIAnNU=">AAACIHicbVDLSgMxFM3UVx1fVZdugqXgqsyIoLiQghuXFewD2lIy6Z02NskMSUYtw/yGW8WvcScu9Wc0fSxs64ELh3Pu5VxOEHOmjed9ObmV1bX1jfymu7W9s7tX2D+o6yhRFGo04pFqBkQDZxJqhhkOzVgBEQGHRjC8HvuNB1CaRfLOjGLoCNKXLGSUGCu1RVdfpW0lMNSzbqHolb0J8DLxZ6SIZqh2Cz/tXkQTAdJQTrRu+V5sOilRhlEOmdtONMSEDkkfWpZKIkB30snPGS5ZpYfDSNmRBk/UvxcpEVqPRGA3BTEDveiNxf+8VmLCi07KZJwYkHQaFCYcmwiPC8A9poAaPrKEUMXsr5gOiCLU2JrmUkIYSRFnbmku+inqKfJ4dp+5rm3MX+xnmdRPy75X9m/PipXLWXd5dISO0Qny0TmqoBtURTVEUYye0Qt6dd6cd+fD+Zyu5pzZzSGag/P9C8Apo8M=</latexit>

Ne↵ ' 3
<latexit sha1_base64="WuPd4+GIe0TjIFCvJuu5fgq0B3M=">AAACKHicbVBNS8NAFNz4WeNXrUcvi0XwVBItKJ4EL56kgrWFtpTN5kVXdzdxd6OGkL/iVfHXeJNe/SO6rT3Y1oEHw8x7zGOChDNtPG/gzM0vLC4tl1bc1bX1jc3yVuVax6mi0KQxj1U7IBo4k9A0zHBoJwqICDi0gvuzod96BKVZLK9MlkBPkBvJIkaJsVK/XLno510lMERR0dVMwMNhv1z1at4IeJb4Y1JFYzT65e9uGNNUgDSUE607vpeYXk6UYZRD4XZTDQmh9+QGOpZKIkD38tHvBd6zSoijWNmRBo/Uvxc5EVpnIrCbgphbPe0Nxf+8Tmqi417OZJIakPQ3KEo5NjEeFoFDpoAanllCqGL2V0xviSLU2LomUiLIpEgKd28i+jkOFXmq3xWuaxvzp/uZJdcHNd+r+Zf16unJuLsS2kG7aB/56AidonPUQE1E0TN6Qa/ozXl3PpxPZ/C7OueMb7bRBJyvHy4ipoQ=</latexit><latexit sha1_base64="WuPd4+GIe0TjIFCvJuu5fgq0B3M=">AAACKHicbVBNS8NAFNz4WeNXrUcvi0XwVBItKJ4EL56kgrWFtpTN5kVXdzdxd6OGkL/iVfHXeJNe/SO6rT3Y1oEHw8x7zGOChDNtPG/gzM0vLC4tl1bc1bX1jc3yVuVax6mi0KQxj1U7IBo4k9A0zHBoJwqICDi0gvuzod96BKVZLK9MlkBPkBvJIkaJsVK/XLno510lMERR0dVMwMNhv1z1at4IeJb4Y1JFYzT65e9uGNNUgDSUE607vpeYXk6UYZRD4XZTDQmh9+QGOpZKIkD38tHvBd6zSoijWNmRBo/Uvxc5EVpnIrCbgphbPe0Nxf+8Tmqi417OZJIakPQ3KEo5NjEeFoFDpoAanllCqGL2V0xviSLU2LomUiLIpEgKd28i+jkOFXmq3xWuaxvzp/uZJdcHNd+r+Zf16unJuLsS2kG7aB/56AidonPUQE1E0TN6Qa/ozXl3PpxPZ/C7OueMb7bRBJyvHy4ipoQ=</latexit><latexit sha1_base64="WuPd4+GIe0TjIFCvJuu5fgq0B3M=">AAACKHicbVBNS8NAFNz4WeNXrUcvi0XwVBItKJ4EL56kgrWFtpTN5kVXdzdxd6OGkL/iVfHXeJNe/SO6rT3Y1oEHw8x7zGOChDNtPG/gzM0vLC4tl1bc1bX1jc3yVuVax6mi0KQxj1U7IBo4k9A0zHBoJwqICDi0gvuzod96BKVZLK9MlkBPkBvJIkaJsVK/XLno510lMERR0dVMwMNhv1z1at4IeJb4Y1JFYzT65e9uGNNUgDSUE607vpeYXk6UYZRD4XZTDQmh9+QGOpZKIkD38tHvBd6zSoijWNmRBo/Uvxc5EVpnIrCbgphbPe0Nxf+8Tmqi417OZJIakPQ3KEo5NjEeFoFDpoAanllCqGL2V0xviSLU2LomUiLIpEgKd28i+jkOFXmq3xWuaxvzp/uZJdcHNd+r+Zf16unJuLsS2kG7aB/56AidonPUQE1E0TN6Qa/ozXl3PpxPZ/C7OueMb7bRBJyvHy4ipoQ=</latexit><latexit sha1_base64="WuPd4+GIe0TjIFCvJuu5fgq0B3M=">AAACKHicbVBNS8NAFNz4WeNXrUcvi0XwVBItKJ4EL56kgrWFtpTN5kVXdzdxd6OGkL/iVfHXeJNe/SO6rT3Y1oEHw8x7zGOChDNtPG/gzM0vLC4tl1bc1bX1jc3yVuVax6mi0KQxj1U7IBo4k9A0zHBoJwqICDi0gvuzod96BKVZLK9MlkBPkBvJIkaJsVK/XLno510lMERR0dVMwMNhv1z1at4IeJb4Y1JFYzT65e9uGNNUgDSUE607vpeYXk6UYZRD4XZTDQmh9+QGOpZKIkD38tHvBd6zSoijWNmRBo/Uvxc5EVpnIrCbgphbPe0Nxf+8Tmqi417OZJIakPQ3KEo5NjEeFoFDpoAanllCqGL2V0xviSLU2LomUiLIpEgKd28i+jkOFXmq3xWuaxvzp/uZJdcHNd+r+Zf16unJuLsS2kG7aB/56AidonPUQE1E0TN6Qa/ozXl3PpxPZ/C7OueMb7bRBJyvHy4ipoQ=</latexit>

✗
Hannestad et al. (2013) 
Dasgupta, Kopp (2013-15)
Mirizzi et al (2014-2017)



Luca Vecchi The Neutrino Portal: steriles, cosmology and other signatures LNF 2018

A chiral sterile  
via the Dirac neutrino portal: L � yaNHL+ ysN�⌫s + hc

Option 1
Dark sector was in equilibrium earlier

Option 2
First order transition at low T

Option 3
Dark sector has a small primordial abundance
→ No re-coupling

No re-coupling

�ϕ =�����
��=���ϕ
�ϕ=�ϕ

-12 -10 -8 -6 -4 -2 0
-2

0

2

4

6

8

���[��]

��
�[
�
/�
�
]

�⇤ $ ⌫s⌫
<latexit sha1_base64="f7+T2Eqh+oW+rY1lR7P98KklPWA="></latexit><latexit sha1_base64="f7+T2Eqh+oW+rY1lR7P98KklPWA="></latexit><latexit sha1_base64="f7+T2Eqh+oW+rY1lR7P98KklPWA="></latexit><latexit sha1_base64="f7+T2Eqh+oW+rY1lR7P98KklPWA="></latexit>

�⌫ $ �N
<latexit sha1_base64="MMBXKT1yQAAiiiGqTfjchpQXj5k="></latexit><latexit sha1_base64="MMBXKT1yQAAiiiGqTfjchpQXj5k="></latexit><latexit sha1_base64="MMBXKT1yQAAiiiGqTfjchpQXj5k="></latexit><latexit sha1_base64="MMBXKT1yQAAiiiGqTfjchpQXj5k="></latexit>

⌫s⌫ $ ⌫sN
<latexit sha1_base64="CYBRbUnrxNA+7CYFyLY5MiG80OE="></latexit><latexit sha1_base64="CYBRbUnrxNA+7CYFyLY5MiG80OE="></latexit><latexit sha1_base64="CYBRbUnrxNA+7CYFyLY5MiG80OE="></latexit><latexit sha1_base64="CYBRbUnrxNA+7CYFyLY5MiG80OE="></latexit>

S
N
1987A

<latexit sha1_base64="2YHNiIlySaMEI+zAKVfle2w2cLg="></latexit><latexit sha1_base64="2YHNiIlySaMEI+zAKVfle2w2cLg="></latexit><latexit sha1_base64="2YHNiIlySaMEI+zAKVfle2w2cLg="></latexit><latexit sha1_base64="2YHNiIlySaMEI+zAKVfle2w2cLg="></latexit>

No re-coupling

m
s
=

1
eV

<latexit sha1_base64="Rczd5A8xiavFLL+9bOcYpHiG+XQ="></latexit><latexit sha1_base64="Rczd5A8xiavFLL+9bOcYpHiG+XQ="></latexit><latexit sha1_base64="Rczd5A8xiavFLL+9bOcYpHiG+XQ="></latexit><latexit sha1_base64="Rczd5A8xiavFLL+9bOcYpHiG+XQ="></latexit>
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Ne↵ ' 3
<latexit sha1_base64="WuPd4+GIe0TjIFCvJuu5fgq0B3M=">AAACKHicbVBNS8NAFNz4WeNXrUcvi0XwVBItKJ4EL56kgrWFtpTN5kVXdzdxd6OGkL/iVfHXeJNe/SO6rT3Y1oEHw8x7zGOChDNtPG/gzM0vLC4tl1bc1bX1jc3yVuVax6mi0KQxj1U7IBo4k9A0zHBoJwqICDi0gvuzod96BKVZLK9MlkBPkBvJIkaJsVK/XLno510lMERR0dVMwMNhv1z1at4IeJb4Y1JFYzT65e9uGNNUgDSUE607vpeYXk6UYZRD4XZTDQmh9+QGOpZKIkD38tHvBd6zSoijWNmRBo/Uvxc5EVpnIrCbgphbPe0Nxf+8Tmqi417OZJIakPQ3KEo5NjEeFoFDpoAanllCqGL2V0xviSLU2LomUiLIpEgKd28i+jkOFXmq3xWuaxvzp/uZJdcHNd+r+Zf16unJuLsS2kG7aB/56AidonPUQE1E0TN6Qa/ozXl3PpxPZ/C7OueMb7bRBJyvHy4ipoQ=</latexit><latexit sha1_base64="WuPd4+GIe0TjIFCvJuu5fgq0B3M=">AAACKHicbVBNS8NAFNz4WeNXrUcvi0XwVBItKJ4EL56kgrWFtpTN5kVXdzdxd6OGkL/iVfHXeJNe/SO6rT3Y1oEHw8x7zGOChDNtPG/gzM0vLC4tl1bc1bX1jc3yVuVax6mi0KQxj1U7IBo4k9A0zHBoJwqICDi0gvuzod96BKVZLK9MlkBPkBvJIkaJsVK/XLno510lMERR0dVMwMNhv1z1at4IeJb4Y1JFYzT65e9uGNNUgDSUE607vpeYXk6UYZRD4XZTDQmh9+QGOpZKIkD38tHvBd6zSoijWNmRBo/Uvxc5EVpnIrCbgphbPe0Nxf+8Tmqi417OZJIakPQ3KEo5NjEeFoFDpoAanllCqGL2V0xviSLU2LomUiLIpEgKd28i+jkOFXmq3xWuaxvzp/uZJdcHNd+r+Zf16unJuLsS2kG7aB/56AidonPUQE1E0TN6Qa/ozXl3PpxPZ/C7OueMb7bRBJyvHy4ipoQ=</latexit><latexit sha1_base64="WuPd4+GIe0TjIFCvJuu5fgq0B3M=">AAACKHicbVBNS8NAFNz4WeNXrUcvi0XwVBItKJ4EL56kgrWFtpTN5kVXdzdxd6OGkL/iVfHXeJNe/SO6rT3Y1oEHw8x7zGOChDNtPG/gzM0vLC4tl1bc1bX1jc3yVuVax6mi0KQxj1U7IBo4k9A0zHBoJwqICDi0gvuzod96BKVZLK9MlkBPkBvJIkaJsVK/XLno510lMERR0dVMwMNhv1z1at4IeJb4Y1JFYzT65e9uGNNUgDSUE607vpeYXk6UYZRD4XZTDQmh9+QGOpZKIkD38tHvBd6zSoijWNmRBo/Uvxc5EVpnIrCbgphbPe0Nxf+8Tmqi417OZJIakPQ3KEo5NjEeFoFDpoAanllCqGL2V0xviSLU2LomUiLIpEgKd28i+jkOFXmq3xWuaxvzp/uZJdcHNd+r+Zf16unJuLsS2kG7aB/56AidonPUQE1E0TN6Qa/ozXl3PpxPZ/C7OueMb7bRBJyvHy4ipoQ=</latexit><latexit sha1_base64="WuPd4+GIe0TjIFCvJuu5fgq0B3M=">AAACKHicbVBNS8NAFNz4WeNXrUcvi0XwVBItKJ4EL56kgrWFtpTN5kVXdzdxd6OGkL/iVfHXeJNe/SO6rT3Y1oEHw8x7zGOChDNtPG/gzM0vLC4tl1bc1bX1jc3yVuVax6mi0KQxj1U7IBo4k9A0zHBoJwqICDi0gvuzod96BKVZLK9MlkBPkBvJIkaJsVK/XLno510lMERR0dVMwMNhv1z1at4IeJb4Y1JFYzT65e9uGNNUgDSUE607vpeYXk6UYZRD4XZTDQmh9+QGOpZKIkD38tHvBd6zSoijWNmRBo/Uvxc5EVpnIrCbgphbPe0Nxf+8Tmqi417OZJIakPQ3KEo5NjEeFoFDpoAanllCqGL2V0xviSLU2LomUiLIpEgKd28i+jkOFXmq3xWuaxvzp/uZJdcHNd+r+Zf16unJuLsS2kG7aB/56AidonPUQE1E0TN6Qa/ozXl3PpxPZ/C7OueMb7bRBJyvHy4ipoQ=</latexit>



Light Dark Sectors  
And Astrophysics



Luca Vecchi The Neutrino Portal: steriles, cosmology and other signatures LNF 2018

Neutrino propagation in the Cosmo?

SN1987A: mean free path (for E=10 MeV) larger than 50 kpc… 
IceCube: mean free path (for E=PeV) larger than 50 Mpc…

<latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit>

X
⌫

<latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit>

From SN1987A 
Assuming thermal density
And massless particles

=) y2s✓ < 10�6
<latexit sha1_base64="0A7+kriaWyEb7Nvrq3g+Kd779n8="></latexit><latexit sha1_base64="0A7+kriaWyEb7Nvrq3g+Kd779n8="></latexit><latexit sha1_base64="0A7+kriaWyEb7Nvrq3g+Kd779n8="></latexit><latexit sha1_base64="0A7+kriaWyEb7Nvrq3g+Kd779n8="></latexit>

1

`
⇠ y4s
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<latexit sha1_base64="c0dODjXv9sJkBDppmL8HQFbp4cE="></latexit><latexit sha1_base64="c0dODjXv9sJkBDppmL8HQFbp4cE="></latexit><latexit sha1_base64="c0dODjXv9sJkBDppmL8HQFbp4cE="></latexit><latexit sha1_base64="c0dODjXv9sJkBDppmL8HQFbp4cE="></latexit>

Worst case: there is a background of dark particles 
(otherwise more powers of θ)

Dark
<latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit>

Dark
<latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit>

Dark
<latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit>
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Dark
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<latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit><latexit sha1_base64="pOexoMZV11KtayYBRQ6tCvzF47k=">AAACHnicbVDLSgMxFM34rOOr6tJNsBRclRkp6LKgC5cV7APboWQymTY2yQxJRh2G+Qu3il/jTtzq12jazsK2HggczrmXc3P8mFGlHefbWlldW9/YLG3Z2zu7e/vlg8O2ihKJSQtHLJJdHynCqCAtTTUj3VgSxH1GOv74cuJ3HohUNBK3Oo2Jx9FQ0JBipI10l/Ulh1dIjvNBueLUnCngMnELUgEFmoPyTz+IcMKJ0JghpXquE2svQ1JTzEhu9xNFYoTHaEh6hgrEifKy6cU5rBolgGEkzRMaTtW/GxniSqXcN5Mc6ZFa9Cbif14v0eGFl1ERJ5oIPAsKEwZ1BCffhwGVBGuWGoKwpOZWiEdIIqxNSXMpIUkFj3O7Ohf9FAUSPdbvc9s2jbmL/SyT9lnNdWruTb3SqBfdlcAxOAGnwAXnoAGuQRO0AAYCPIMX8Gq9We/Wh/U5G12xip0jMAfr6xc33KLz</latexit>

1) Difference from standard steriles: here we can produce exotic states! 
2) As opposed to QCD axion: 
— produced by neutrino-rich stars 
— need mixing, but θ is “matter-suppressed” at large densities

⌫
<latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit> / y2s✓
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No significant constraint…

Weak-coupling → Star cooling (supernova)?
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Topological defects

Produced at the Dark phase transition by the Kibble-Zurek mechanism

Correlation length 
at production

Temperature
at production

Temperature
now

— correlation length estimated using Zurek results (see also Murayama et al.) 
— to be conservative: no dilution due to string dynamics

To be on the safe side:
Better have a late transition!



Light & Weakly-Coupled 
Dark Sectors:  

New Signatures in 
Neutrino Experiments
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⇠ y2s
m2

s

✓2NDark
<latexit sha1_base64="m0vhmJwRFtNqKa82GDqLs3HxdGo="></latexit><latexit sha1_base64="m0vhmJwRFtNqKa82GDqLs3HxdGo="></latexit><latexit sha1_base64="m0vhmJwRFtNqKa82GDqLs3HxdGo="></latexit><latexit sha1_base64="m0vhmJwRFtNqKa82GDqLs3HxdGo="></latexit>

Flavor-dependent (mixing) refractive index: sensitivity to light, weakly-coupled dark sectors 

Light dark sectors coupled via the neutrino 
portal generically have relic particles…

⌫
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⌫
<latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit>

For realistic Dark densities neutrinos 
see a continuous background…

Aether: relic dark radiation/matter/energy
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<latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit><latexit sha1_base64="ILL1guiraUcR37ZWnU13wmXkju8="></latexit>

X X
⌫

<latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit>

Dark  
stuff

⌫
<latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit><latexit sha1_base64="yAE1gFzVr6sBq7Wp5TeBy3Ha9yo=">AAACF3icbVDLSgMxFM3UVx1fVZdugqXgqsyIoLgquHFZ0T6gHUomk2ljM8mQZNRhmE9wq/g17sStS79G03YWtvVA4HDOvZyb48eMKu0431ZpZXVtfaO8aW9t7+zuVfYP2kokEpMWFkzIro8UYZSTlqaakW4sCYp8Rjr++Gridx6IVFTwO53GxIvQkNOQYqSNdNvnyaBSderOFHCZuAWpggLNQeWnHwicRIRrzJBSPdeJtZchqSlmJLf7iSIxwmM0JD1DOYqI8rLpqTmsGSWAoZDmcQ2n6t+NDEVKpZFvJiOkR2rRm4j/eb1EhxdeRnmcaMLxLChMGNQCTv4NAyoJ1iw1BGFJza0Qj5BEWJt25lJCkvIozu3aXPSTCCR6PLvPbds05i72s0zap3XXqbs3Z9XGZdFdGRyBY3ACXHAOGuAaNEELYDAEz+AFvFpv1rv1YX3ORktWsXMI5mB9/QLGAqAd</latexit>

Dark  
stuff

Steriles as mediators of neutrino-Dark interactions in oscillation experiments:

Unknown

VDark ⇠ g2Dark

m2
Dark

✓2nDark
<latexit sha1_base64="l0U1nH3eFcvUQ9qy66VMST6t1Wc="></latexit><latexit sha1_base64="l0U1nH3eFcvUQ9qy66VMST6t1Wc="></latexit><latexit sha1_base64="l0U1nH3eFcvUQ9qy66VMST6t1Wc="></latexit><latexit sha1_base64="l0U1nH3eFcvUQ9qy66VMST6t1Wc="></latexit>

Unknown

Radiation 
or Matter

A light, weakly-coupled sector 
can have a sizable effect!
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VDark ⇠ y2s
m2

s

✓2nDark
<latexit sha1_base64="7Oal3qz6jAShiRLx7221N7wdkRE="></latexit><latexit sha1_base64="7Oal3qz6jAShiRLx7221N7wdkRE="></latexit><latexit sha1_base64="7Oal3qz6jAShiRLx7221N7wdkRE="></latexit><latexit sha1_base64="7Oal3qz6jAShiRLx7221N7wdkRE="></latexit>

✓ ⇠ ms

m⌫
⌧ 1

<latexit sha1_base64="MKwiCZHQ03aQjvtULsi+w3J8nyY=">AAACNXicbVA9T8MwFHT4JnwFGBmIqJCYqgRVgrESC2ORKCA1VeW4L62p7UT2C1BFGfk1rCB+CwMbYuUngFs6UOAkW6e793T2xZngBoPgxZmZnZtfWFxadldW19Y3vM2tC5PmmkGTpSLVVzE1ILiCJnIUcJVpoDIWcBkPTkb+5Q1ow1N1jsMM2pL2FE84o2iljrcbYR+QRobLKNGUFbJjSntFKi8jIcKOVwmqwRj+XxJOSIVM0Oh4n1E3ZbkEhUxQY1phkGG7oBo5E1C6UW4go2xAe9CyVFEJpl2MP1L6+1bp+kmq7VHoj9WfGwWVxgxlbCclxb757Y3E/7xWjslxu+AqyxEU+w5KcuFj6o9a8btcA0MxtIQyze1bfdantg+03U2lJDBUMivd/anou7Sr6W3tunRd21j4u5+/5OKwGgbV8KxWqdcm3S2RHbJHDkhIjkidnJIGaRJG7skDeSRPzrPz6rw579+jM85kZ5tMwfn4AmssrM8=</latexit><latexit sha1_base64="MKwiCZHQ03aQjvtULsi+w3J8nyY=">AAACNXicbVA9T8MwFHT4JnwFGBmIqJCYqgRVgrESC2ORKCA1VeW4L62p7UT2C1BFGfk1rCB+CwMbYuUngFs6UOAkW6e793T2xZngBoPgxZmZnZtfWFxadldW19Y3vM2tC5PmmkGTpSLVVzE1ILiCJnIUcJVpoDIWcBkPTkb+5Q1ow1N1jsMM2pL2FE84o2iljrcbYR+QRobLKNGUFbJjSntFKi8jIcKOVwmqwRj+XxJOSIVM0Oh4n1E3ZbkEhUxQY1phkGG7oBo5E1C6UW4go2xAe9CyVFEJpl2MP1L6+1bp+kmq7VHoj9WfGwWVxgxlbCclxb757Y3E/7xWjslxu+AqyxEU+w5KcuFj6o9a8btcA0MxtIQyze1bfdantg+03U2lJDBUMivd/anou7Sr6W3tunRd21j4u5+/5OKwGgbV8KxWqdcm3S2RHbJHDkhIjkidnJIGaRJG7skDeSRPzrPz6rw579+jM85kZ5tMwfn4AmssrM8=</latexit><latexit sha1_base64="MKwiCZHQ03aQjvtULsi+w3J8nyY=">AAACNXicbVA9T8MwFHT4JnwFGBmIqJCYqgRVgrESC2ORKCA1VeW4L62p7UT2C1BFGfk1rCB+CwMbYuUngFs6UOAkW6e793T2xZngBoPgxZmZnZtfWFxadldW19Y3vM2tC5PmmkGTpSLVVzE1ILiCJnIUcJVpoDIWcBkPTkb+5Q1ow1N1jsMM2pL2FE84o2iljrcbYR+QRobLKNGUFbJjSntFKi8jIcKOVwmqwRj+XxJOSIVM0Oh4n1E3ZbkEhUxQY1phkGG7oBo5E1C6UW4go2xAe9CyVFEJpl2MP1L6+1bp+kmq7VHoj9WfGwWVxgxlbCclxb757Y3E/7xWjslxu+AqyxEU+w5KcuFj6o9a8btcA0MxtIQyze1bfdantg+03U2lJDBUMivd/anou7Sr6W3tunRd21j4u5+/5OKwGgbV8KxWqdcm3S2RHbJHDkhIjkidnJIGaRJG7skDeSRPzrPz6rw579+jM85kZ5tMwfn4AmssrM8=</latexit><latexit sha1_base64="MKwiCZHQ03aQjvtULsi+w3J8nyY=">AAACNXicbVA9T8MwFHT4JnwFGBmIqJCYqgRVgrESC2ORKCA1VeW4L62p7UT2C1BFGfk1rCB+CwMbYuUngFs6UOAkW6e793T2xZngBoPgxZmZnZtfWFxadldW19Y3vM2tC5PmmkGTpSLVVzE1ILiCJnIUcJVpoDIWcBkPTkb+5Q1ow1N1jsMM2pL2FE84o2iljrcbYR+QRobLKNGUFbJjSntFKi8jIcKOVwmqwRj+XxJOSIVM0Oh4n1E3ZbkEhUxQY1phkGG7oBo5E1C6UW4go2xAe9CyVFEJpl2MP1L6+1bp+kmq7VHoj9WfGwWVxgxlbCclxb757Y3E/7xWjslxu+AqyxEU+w5KcuFj6o9a8btcA0MxtIQyze1bfdantg+03U2lJDBUMivd/anou7Sr6W3tunRd21j4u5+/5OKwGgbV8KxWqdcm3S2RHbJHDkhIjkidnJIGaRJG7skDeSRPzrPz6rw579+jM85kZ5tMwfn4AmssrM8=</latexit>

⇠ y2s
m2

⌫

nDark ⇠ 10�24 GeV
⇣ ys
10�2

⌘2 nDark

1/cm3
<latexit sha1_base64="I9IWZ64Wvnr9Zi07QMuwgPGRsBQ="></latexit><latexit sha1_base64="I9IWZ64Wvnr9Zi07QMuwgPGRsBQ="></latexit><latexit sha1_base64="I9IWZ64Wvnr9Zi07QMuwgPGRsBQ="></latexit><latexit sha1_base64="I9IWZ64Wvnr9Zi07QMuwgPGRsBQ="></latexit>

Coupling to 
dark radiation

VDark ⇠ y2s
m2

s

✓2nDark
<latexit sha1_base64="7Oal3qz6jAShiRLx7221N7wdkRE="></latexit><latexit sha1_base64="7Oal3qz6jAShiRLx7221N7wdkRE="></latexit><latexit sha1_base64="7Oal3qz6jAShiRLx7221N7wdkRE="></latexit><latexit sha1_base64="7Oal3qz6jAShiRLx7221N7wdkRE="></latexit>

Coupling to very light 
dark matter (<<eV)

⇠ y2s
m2

⌫

⇢Dark

mDM
⇠ 10�24 GeV

⇣ ys
10�5

⌘2 1 keV

mDM
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To ensure V 
remains decoupled:

Graham’s et al. (2015)
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✓ ⇠ ms

m⌫
⌧ 1

<latexit sha1_base64="MKwiCZHQ03aQjvtULsi+w3J8nyY=">AAACNXicbVA9T8MwFHT4JnwFGBmIqJCYqgRVgrESC2ORKCA1VeW4L62p7UT2C1BFGfk1rCB+CwMbYuUngFs6UOAkW6e793T2xZngBoPgxZmZnZtfWFxadldW19Y3vM2tC5PmmkGTpSLVVzE1ILiCJnIUcJVpoDIWcBkPTkb+5Q1ow1N1jsMM2pL2FE84o2iljrcbYR+QRobLKNGUFbJjSntFKi8jIcKOVwmqwRj+XxJOSIVM0Oh4n1E3ZbkEhUxQY1phkGG7oBo5E1C6UW4go2xAe9CyVFEJpl2MP1L6+1bp+kmq7VHoj9WfGwWVxgxlbCclxb757Y3E/7xWjslxu+AqyxEU+w5KcuFj6o9a8btcA0MxtIQyze1bfdantg+03U2lJDBUMivd/anou7Sr6W3tunRd21j4u5+/5OKwGgbV8KxWqdcm3S2RHbJHDkhIjkidnJIGaRJG7skDeSRPzrPz6rw579+jM85kZ5tMwfn4AmssrM8=</latexit><latexit sha1_base64="MKwiCZHQ03aQjvtULsi+w3J8nyY=">AAACNXicbVA9T8MwFHT4JnwFGBmIqJCYqgRVgrESC2ORKCA1VeW4L62p7UT2C1BFGfk1rCB+CwMbYuUngFs6UOAkW6e793T2xZngBoPgxZmZnZtfWFxadldW19Y3vM2tC5PmmkGTpSLVVzE1ILiCJnIUcJVpoDIWcBkPTkb+5Q1ow1N1jsMM2pL2FE84o2iljrcbYR+QRobLKNGUFbJjSntFKi8jIcKOVwmqwRj+XxJOSIVM0Oh4n1E3ZbkEhUxQY1phkGG7oBo5E1C6UW4go2xAe9CyVFEJpl2MP1L6+1bp+kmq7VHoj9WfGwWVxgxlbCclxb757Y3E/7xWjslxu+AqyxEU+w5KcuFj6o9a8btcA0MxtIQyze1bfdantg+03U2lJDBUMivd/anou7Sr6W3tunRd21j4u5+/5OKwGgbV8KxWqdcm3S2RHbJHDkhIjkidnJIGaRJG7skDeSRPzrPz6rw579+jM85kZ5tMwfn4AmssrM8=</latexit><latexit sha1_base64="MKwiCZHQ03aQjvtULsi+w3J8nyY=">AAACNXicbVA9T8MwFHT4JnwFGBmIqJCYqgRVgrESC2ORKCA1VeW4L62p7UT2C1BFGfk1rCB+CwMbYuUngFs6UOAkW6e793T2xZngBoPgxZmZnZtfWFxadldW19Y3vM2tC5PmmkGTpSLVVzE1ILiCJnIUcJVpoDIWcBkPTkb+5Q1ow1N1jsMM2pL2FE84o2iljrcbYR+QRobLKNGUFbJjSntFKi8jIcKOVwmqwRj+XxJOSIVM0Oh4n1E3ZbkEhUxQY1phkGG7oBo5E1C6UW4go2xAe9CyVFEJpl2MP1L6+1bp+kmq7VHoj9WfGwWVxgxlbCclxb757Y3E/7xWjslxu+AqyxEU+w5KcuFj6o9a8btcA0MxtIQyze1bfdantg+03U2lJDBUMivd/anou7Sr6W3tunRd21j4u5+/5OKwGgbV8KxWqdcm3S2RHbJHDkhIjkidnJIGaRJG7skDeSRPzrPz6rw579+jM85kZ5tMwfn4AmssrM8=</latexit><latexit sha1_base64="MKwiCZHQ03aQjvtULsi+w3J8nyY=">AAACNXicbVA9T8MwFHT4JnwFGBmIqJCYqgRVgrESC2ORKCA1VeW4L62p7UT2C1BFGfk1rCB+CwMbYuUngFs6UOAkW6e793T2xZngBoPgxZmZnZtfWFxadldW19Y3vM2tC5PmmkGTpSLVVzE1ILiCJnIUcJVpoDIWcBkPTkb+5Q1ow1N1jsMM2pL2FE84o2iljrcbYR+QRobLKNGUFbJjSntFKi8jIcKOVwmqwRj+XxJOSIVM0Oh4n1E3ZbkEhUxQY1phkGG7oBo5E1C6UW4go2xAe9CyVFEJpl2MP1L6+1bp+kmq7VHoj9WfGwWVxgxlbCclxb757Y3E/7xWjslxu+AqyxEU+w5KcuFj6o9a8btcA0MxtIQyze1bfdantg+03U2lJDBUMivd/anou7Sr6W3tunRd21j4u5+/5OKwGgbV8KxWqdcm3S2RHbJHDkhIjkidnJIGaRJG7skDeSRPzrPz6rw579+jM85kZ5tMwfn4AmssrM8=</latexit>

Steriles as mediators of neutrino-Dark interactions in oscillation experiments:
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neutrino/neutrino (anti-neutrino/anti-neutrino)
oscillations

neutrino/anti-neutrino
Oscillations

Indistinguishable from
a mass…

Neutrino oscillations in dark backgrounds…

• Large E is good → V,F become more important than the standard          
effect (mass) 

• But not “too large” → If V,F dominate we loose info on the overall 
size of V_Dark (and hence the dark energy scale)!
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VDark / GDarknDark or
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GDark⇢Dark
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F. Capozzi, I. M. Shoemaker, LV
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VDark ⇠ a, b ⇠ 10�24 GeV!
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ORCA (KM3NeT project)+IceCube
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Sun Earth

DM

B8 & CNO neutrinos are affected 
pp neutrinos only mildly
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Atmospheric neutrinos (ONLY if some dark matter is captured…)
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Dark backgrounds or Neutrino Masses?

Random orientation in small domains: 
Rotation invariance preserved on 
intermediate scales (magnets).

Dark radiation/matter/energy

hE(p)i =
(

|p|+ 1
3|p| hV

2i+ · · · |p| � |V|
|V|+ 1

3|V|p
2 + · · · |p| ⌧ |V|,
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Dark energy?

No EW symmetry 
breaking needed 
to explain oscillations…

L†�̄µLVµ
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Exotic light sectors? 
 Not so crazy… dark matter is weakly-coupled to us and may be very light 
 They may interact with us via the neutrino portal → Cosmology, Astrophysics and Neutrino physics 

Cosmology and Sterile Sectors: 
 We do not know the “dark dynamics” → Cosmology cannot robustly exclude dark sectors   
 A dark phase transition below T=MeV implies a standard Neff at BBN and after  
 CMB physics may be affected by ms>eV (eV steriles not easily allowed) 
 Scenarios with a late phase transition, small couplings, ms<eV → standard Cosmology   

Neutrino portal: Cosmology, Astrophysics and Neutrino physics: 
 Steriles can act as mediators of interactions with light relic dark particles  
 Smoking gun at neutrino experiments: exotic matter potentials (in the cosmo, in the sun, etc.) 
 Can couplings to dark sectors explain the proximity of dark energy and neutrino masses? 

Conclusions



Thank You


